Introduction
Buildings account for up to 50% of energy consumption and greenhouse gas (GHG) emissions in the UK (Steemers, 2003) and are at the forefront of action if the carbon reduction target set by the UK government (2008) is to be met. While improving build quality is certainly important, existing buildings still form the biggest portion of the UK stock. Estimates suggest that 87% of existing buildings will still be operational by 2050 (Kelly, 2008) . Refurbishing existing buildings therefore plays a dominant role in reducing GHG emissions and energy consumptions (Thomas, 2010) . Existing buildings also have advantages. Their load bearing structure is still sound and reliable, providing "an ideal basis for refurbishment and re-use" (Gorse and Highfield, 2009, p. 8) . They are also "often central to the fabric of everyday lifestyles, communities, cultures and livelihoods" (Ravetz, 2008, p. 4463) , thus preserving established communities with a clear social advantage (Gorse and Highfield, 2009 ) and diminishing the need to occupy unbuilt areas.
Refurbishments can also be less expensive than new constructions (Ravetz, 2008; Gorse and Highfield, 2009) and improve the quality of indoor spaces without the ecological impacts of demolition and reconstruction (Itard and Klunder, 2007; Babangida et al., 2012; Gelfand and Duncan, 2012) .
Refurbishments are different between domestic and non-domestic sectors, and it is in the latter where more consolidated actions can be expected. Within the non-domestic sector, office buildings are the most common type and account for around 40% of the total energy consumption (Pérez-Lombard et al., 2008) . The improvement of buildings façades is arguably an effective strategy to reduce energy consumption which also enhances indoor environment quality (Shameri et al., 2011) . Most refurbishments still involve the upgrade or replacement of the existing façade with high performance windows and walls but there is a growing tendency towards applying an additional glazed façade to the existing one, which is known as Double Skin Façade (DSF) (Brunoro, 2008) .
The benefits of DSFs range from acting as a thermal buffer in winter to maximising the use of natural ventilation in summer. Existing studies suggest that DSFs are capable of offering significant reduction in operational energy of a building as well as improving its thermal comfort (Gratia and De Herde, 2004; Streicher et al., 2007; Kim et al., 2013) . However, the use of DSFs in refurbishment projects is yet to be explored comprehensively, and there is not sufficient information to determine how existing UK offices and DSFs would best match because not all existing buildings are suitable for an additional second skin and, equally, not all DSF technologies may suit the application to existing buildings. The need for identifying appropriate buildings and the most suitable DSF technologies that can be used, therefore, arises. The present study aims at filling such a gap. Robson (2002) defines research design as what is necessary to turn research questions into projects, and proposes a framework in which the theory and purpose of the study inform the research question(s), which in turn defines methods and strategies for data collection, analysis, and sampling. In the specific context of this article, the research question (i.e. how can DSFs and existing UK offices be combined in refurbishments?) generates two distinct objectives. Figure 1 shows the research framework designed for this work. Vertically, the two objectives are dealt with in parallel by adopting appropriate methods to achieve their specific deliverables. Horizontally, their interconnections are considered to ensure that individual findings will answer, eventually, the initial question. The need for such interrelation and balance of methods, strategies and techniques to achieve the purpose of a study is emphasised by Robson (2002) .
Research design

Figure 1 around here
Case study research plays an important role in this study. It is intended as a strategy to conduct research given set procedures (Proverbs and Gameson, 2008) , in order to investigate a specific topic within a rather not too broad context (Fellows and Liu, 2008) through the triangulation of different sources of evidence (Proverbs and Gameson, 2008; Yin, 2009) . The first objective is achieved by means of a critical literature review and an indepth review of field surveys, followed by data analysis and interpolation. This part can be seen as what Glass (1976) defines 'secondary analysis' and 'meta-analysis'. Secondary analysis involves "the re-analysis of data for the purpose of answering new [research] questions with old data" whereas meta-analysis is understood as "the analysis of results from individual studies for the purpose of integrating the findings" (Glass, 1976, p.3) . The use of secondary data is not free from objections (Smith, 2008) . In this research one issue lies in the impossibility to establish the share of the stock represented by each of the benchmarks developed because different sources were used. However, secondary data also offers methodological and theoretical advantages such as "limitless opportunities for the replication, re-analysis and re-interpretation of existing research" (Smith, 2008, p.333) , providing that the limitations of using secondary data are understood and declared (Smith, 2008) . The literature review on office benchmarks is used as an investigative tool to identify key parameters in categorical classifications of office buildings, which are then utilised as clustering criteria to develop 22 office benchmarks. A step-by-step procedure for the visual modelling of the benchmarks is formulated and practically applied to one of the models as an example to indicate how the proposed process works.
To address the second objective, methods include literature review on the use of DSF in refurbishments combined with primary data collection, and an in-depth review of what is likely to be the existing population 1 of DSF refurbishments from across Europe. 36
buildings refurbished using DSF technology were identified across European countries and used as case studies to draw conclusions on their common features and similarities. As suggested by Gay (1996) and Suskie (1996) with the combined use of the methods explained above, which have been selected and harmonised to enhance accuracy and reliability of this work.
Literature Review
Existing knowledge on non-domestic benchmarks in the UK
Benchmarks 2 provide representative samples of the existing stock. The main difficulty lies in identifying the common underlying characteristics that buildings have beyond their specific differences. Such benchmarks allow both for very specific analyses, such as the influence of energy measures at a building scale, and broader studies aimed at developing new standards or energy policies (Torcellini et al., 2008) . Although building benchmarks 1 It is not possible to claim with complete certainty that all the office buildings refurbished with DSFs across Europe have been included. However, an extensive search through different sources has been carried out over the two years duration of this research project and therefore, at the time of writing, those 36 buildings represent all known publicised DSF refurbishments. 2 Many of the literatures reviewed have used the term benchmark to refer to reference building models, or archetypes. It is therefore this meaning that is intended when the word benchmark is used in this study.
have been used internationally in the past 30 years, the breadth and the variety of the UK stock are poorly represented (Shahrestani et al., 2013) . Not only have few attempts been made to realise benchmarks for the UK but also information that allows for their development is scarce. Leighton and Pinney (1990) pioneered the use of standard offices to investigate the effect of shading devices on energy performance. They selected a set of six real offices and provided details about the building envelopes and other geometric characteristics.
Nonetheless, these prototypes cannot be considered representative of the diverse building stock as stated by Leighton and Pinney (1990) . Office building benchmarks in the UK resurfaced with the Energy Efficiency Best Practice Programme in 2000. In this document (EEBPP, 2000) , UK offices are grouped into four types, namely: naturally ventilated cellular
(1), naturally ventilated open-plan (2), air-conditioned standard (3), and air-conditioned prestige (4) ( Figure 2a ). All the four types can surely be found in the UK; however the basis for such classification is not clear, nor is the share of the stock which those four types represent. European office buildings into the following five types. However, no visual representation or significant details have been provided to be used in follow-up studies and there is too little information to consider them as benchmarks.
• Handbook (Korolija et al., 2013) . In total, they identified 14 parameters which led to 3840 models. However, out of those parameters only two refer to building characteristics, namely: the building types (as per Figure 2d ) and the glazing ratio (25%, 50%, and 75%).
A similar approach can be found in Shahrestani et al. (2013) who also used the NDBS database to develop ten prototypical office buildings in two major built forms (deep plan and side-lit). Their benchmarks are characterised by only two glazing to floor ratios: 0.10 and 0.20 (respectively in side-lit and deep plan built forms) that seem to be oversimplified when compared to the surveys on which they are based (e.g., Gakovic, 2000) . Additionally, the authors' claim that the ten benchmarks represent 95% of office buildings with a 95% probability seems too strong an assertion to hold up. It is worth noting that both Korolija et al. (2013) and Shahrestani et al. (2013) used the same NDBS database but the models from the two studies are substantially different. This reinforces the high level of complexity involved in assessing the variety of the UK non-domestic stock. It is likely that a higher number of prototypes can offer better representativeness at the cost of more complex and challenging analyses (Leighton and Pinney, 1990) , and, as Shahrestani et al. (2013, p.46) pointed out, "the selection of a reasonable benchmark for a specific research aim involves a trade-off between the number of prototypical buildings and the extent to which the prototypical buildings should represent the building stock".
3 It is the Non-Domestic Building Stock (NDBS); the most significant research project on energy use prior to CARB that was carried out more than a decade ago (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) for the Department of the Environment, Transport and the Regions. Being the most detailed and up-to-date information available, it is no surprise that the NDBS database forms a reliable basis for all succeeding studies on UK office building stockincluding this research.
Double Skin Façades
Several definitions of DSFs exist (Compagno, 1999; Oesterle et al., 2001; Claessens and De Herde, 2006; Roth et al., 2007; Brunoro, 2008) . In this study, a DSF is a hybrid system made of an external glazed skin added to the actual building façade, which constitutes the inner skin. The two layers are separated by an air cavity, which has fixed or controlled inlets and outlets and may or may not incorporate shading devices. The cavity may act either as a thermal buffer zone, as a ventilation channel or, more often, as a combination of the two. represents the minimum width required for maintenance purposes. Therefore, 40cm is assumed as the threshold between narrow and wide cavities.
The partitioning of the cavity is used to define the 'geometry' of DSF. The types pioneered
by Oesterle et al. (2001) , which have broadly been adopted since then, include:
• Box windows (BW)
• Corridor (C)
• Shaft box (SB), and widths and the use of shading devices. They showed that with a 90cm cavity, the annual heating and cooling energy compared to the base case can be reduced by up to 38%, which increases to 51% if the DSF is equipped with adequate shading devices. Further evidence of the benefits of DSFs for refurbishment of existing offices can be found in Rey (2004) , who evaluated three refurbishment strategies (including DSFs) for three different buildings'
ages -1950s, 1960-1975, and 1973-1990 . The study concludes that for buildings built in 1960-1990 period -which are also "those most commonly encountered in UK non- 
Case studies of DSF refurbishments across Europe
A number of buildings across Europe have been refurbished with DSFs; yet, such body of evidence has not been systematically reviewed. A total number of 36 buildings refurbished with DSF technologies were found over the years of this research and are shown in Table 1 .
Cavity ventilation and the airflow concepts are indicated in the table using the same codes introduced in Figure 3 . Furthermore, the effectiveness 4 of the refurbishment has also been reported distinghuishing between 'perceived' effectiveness where qualitative assesment was used vs. 'assessed' effectiveness measured through quantitative assessment. Data about the airflow concepts in Table 1 show the intrinsic flexibility of DSF. Over 90% of the buildings benefit from the combination of two or more airflow strategies, which helps understand how natural ventilation is likely to work throughout the year. For instance, 'airbuffer' and 'supply-air' behaviours can be used in winter to preheat air for the indoor spaces, whereas 'exhaust-air' and 'external-air-curtain' can be coupled in summer to cool the inner skin and extract excessive heat from the indoors. It is worth noting that an 'internal-air-curtain' mode is only observed in two cases, both related to major refurbishments, where the buildings were stripped back to their essential structure. This is because such mode needs to be planned from the beginning and incorporated within the Heating, Ventilation, and Air Conditioning (HVAC) system. Another interesting outcome is that 'air-buffer' and 'external-air-curtain' are often found combined. Such a peculiarity
indicates that some forms of Building Management System (BMS) is in place because cavity inlets and outlets need to be closed for the 'air-buffer' mode but open for the 'external-aircurtain'. This conforms to recommendations found in the literature for a better control of the ventilation channel (e.g., Artmann et al., 2004) . The building parameters in Figure 4 , through the process articulated in Figure 5 , have been used to develop 22 benchmarks as indicated in Table 2 . Interpolations and analyses done on the available field surveys are given in Appendix A. As a whole, the benchmarks aim to represent 75% of the UK existing office stock. Numerical values used for window-to-floor and wall-to-floor ratios are adopted from both Steadman et al. (2000a) and Gakovic (2000), which were used to calculate the third ratio. This has been done to check the consistency throughout the ratio values, and results comply with each other. The development of the benchmark No.1 has been used as an example to demonstrate the step-by-step procedure as articulated in Appendix B leading to the model in Figure 6 . Table 2 (10,000 m² -30,000 m²), which seems to be skewed towards the lower bound of the floor area range.
In terms of number of storeys, apart from two exceptionally high buildings (22 and 34 storeys), all others belong to the medium-to high-rise band. This reinforces the choice of considering benchmarks from No.17 to No.22, which are the only ones with a compatible number of storeys. Regarding the external façade of the analysed case studies, it is also possible to identify two main groups. There are buildings characterised by heavy cladding and windows for ventilation, and others that, instead, have a curtain wall system. Such distinction is often linked to the internal layout of the building. Façades with heavy cladding and operable windows for natural ventilation are most likely to be found in cellular offices whereas curtain walling seems more common amongst open plan layouts.
Such idiosyncrasy was also observed in the existing UK stock which showed that openspace offices have deeper plans characterised by a higher glazing-to-wall ratio to maximise daylight and solar gain. Open-plan curtain wall offices also present another distinctive trait.
In most cases they are made of four principal areas built around a central core used as a circulation/access zone. Once again, this internal layout is to maximise daylighting.
Therefore, by taking into account the conclusions drawn from the case studies analysed, it seems that benchmarks No.18 and No.22 are those most suitable to be refurbished with DSF in the UK. Table 3 and Table 4 present the main building characteristics, which allow the development of the 3D benchmarks following the step-by-step procedure developed in this study (Appendix B). Table 3 around here   Table 4 around here
Double Skin Façades in the UK
The few UK-based publications contradict a fairly wide use of DSFs in Britain. In order to check the outcome from European case studies against the UK context and to understand the state-of-the-art and current practice of DSFs in the country, this research analysed a large sample of DSF buildings in the UK. In total 43 buildings (Appendix C) have been retrieved through different sources. The buildings assessed have been clustered according to the DSF geometry and further divided into four groups related to the number of storeys (Table 5) . Table 5 around here
It is worth noting that the totals sum up to more than 43 buildings. This is due both to the complexity and flexibility of the DSF. In some projects (e.g. Helicon Building, LondonAppendix C) both multi-storey and corridor geometries are used within the same building.
From Table 5 , it can be seen that multi-storey DSFs represent the most common type across all storey-ranges, being used in nearly 60% of the UK buildings analysed. This confirms the suitability of multi-storey geometry to extremely diverse buildings in terms of height, built form, façade characteristics and materials, etc., as noted already from the analysis of the European case studies. Additionally, half of the buildings are between fiveto ten-storey high as are the majority of European DSF-refurbished buildings. Corridor geometries are less used, and they seem to fit more medium-to high-rise office buildings.
Very few examples of box windows and shaft-box façades exist. Eventually, five buildings (3-to 9-storey high) out of the forty-three buildings have been refurbished using a DSF, and four of them have a multi-storey geometry. This is coherent with the situation at European level, signalling that DSF technologies are gaining momentum in refurbishment, especially in medium-to high-rise offices and often coupled with multi-storey geometries.
Conclusions
This study contributes to deepening our understanding of the UK office building stock and constitutes a useful basis for research related to and assessment of the improvement of that stock, both at the single building level and at energy policy levels-with a specific focus on façade and building fabric refurbishments. 22 benchmarks, representing 75% of the UK existing office stock, have been developed based on review of the existing literature, available field surveys, and data analysis and interpolation. Each of the benchmarks is a unique combination of key classifying parameters for UK offices, i.e. structural systems, floor areas, external walls and glazing systems, number of storeys, roof type, and ratios between wall, floor, and glazed areas. Additionally, a review of the building regulations allows for combining each benchmark with a specific age band and its corresponding U-values for the building fabric in order to better define benchmarks within specific construction periods, for a total of 110 different combinations. The benchmarks have practical implications for all those involved in research related to the existing office stock of the UK and provide a reliable frame of reference to model different refurbishment scenarios for different age bands, to optimise a façade refurbishment for specific office types, or to study the environmental impacts of one or multiple renovation strategies -to name a few of practical applications of this study.
In exploring and assessing the suitability of the existing UK office stock for DSF refurbishment, this study has studied 36 cases of DSF refurbishments and has found that two out of the 22 benchmarks are more suitable for such a refurbishment approach due to their built form, façade characteristics, number of storeys, and layout. The two office models identified in Section 5.2 embed two important characteristics. Firstly, they are accurate representations of the actual office building stock in the UK and, specifically, can represent up to 40% of existing large UK offices in terms of façade characteristics (structure and materials). Secondly, they are also more likely to be considered for DSF refurbishment since they have been selected out of a comparative analysis with common features emerging from the analysis of the 36 European DSF refurbishments.
Guidelines on which DSF configurations appear to be best suited for an office refurbishment have also been formulated. Specifically, multi-storey DSFs with naturally ventilated cavities appear most suitable for UK office refurbishments and can fit a diversity of buildings. Not only does such a choice appear reasonable in terms of building physics and DSF working mechanisms, but it also seems to promise higher success of the refurbishment project. Findings also highlighted that, in cases in which the existing façade needs, or is intended, to be retained, the DSF can literally act as an added smart-clothing layer over the existing building façade. This represents the best possible outcome of a careful DSF design (Oesterle et al., 2001; Kaluarachchi et al., 2005) . The 'smartness' of the DSF comes directly from its intrinsic flexibility, which allows for incorporation of multiple airflow concepts within a single DSF design as the cases studied clearly revealed. A further important finding that emerged from this research is the added value of BMSs in the design and operation of DSFs, even in the basic form of operable inlets and outlets of the cavity to adjust the DSF working mechanisms according to daily and seasonal climatic variations. In cases where major refurbishments were carried out, i.e. where the building is stripped off to its structural elements, corridor DSFs coupled with HVAC system and mixed ventilation of the cavity represent a further option to be considered and evaluated other than multi-storey geometry as this combination could offer higher performance of the DSF.
Outcomes from the case studies of European buildings refurbished with DSFs have been checked against the current practice of mainly new DSFs buildings in the UK. Results show common trends and similarities at EU and the UK levels, thus allowing the application of EU findings to the UK context. These findings do not replace however a careful evaluation of multiple DSF choices when approaching a refurbishment project, nor do they intend to be a blanket solution regardless of buildings' specific characteristics and constraints. Rather, they point out a more manageable and thoroughly defined set of options to evaluate when approaching this new, important field in both research and practice. Other than such applications, the reviews of the European DSF case studies and UK DSF buildings provide substantial information which was not previously available in the literature and can inform future DSF-related studies.
The available field surveys used in this study date back to the year 2000; in other words, buildings built in the last 15 years are excluded from the present work. Although this constitutes a limitation of this study, the scope of this research is to consider buildings in the need of refurbishment, which is hardly the case for newer buildings especially those under 15 years old. Additionally, the use and interpolation of secondary data from different sources do not allow the attribution of a share of the stock to each of the benchmarks. Moreover, few simplifications and assumptions had to be made in developing the benchmarks to favour applicability and coverage of a broader range of the stock.
Finally, the benchmarks developed are not parametric models although variations can be obtained using different floor areas within each size band. Future research could foster the development of UK office benchmarks by removing some of the limitations/simplifications mentioned above, or by integrating newer field surveys when they will become available.
Parametrisation of the models devised for this study also forms a basis for future research. Halls, sheds, garages, parking spaces, railway arches are unrelated to the office concept (Steadman et al., 2000b) and are not included in this work. Table A3 indicates the probability of having one structural system within a specific size band. This information helped to identify which categories are worth investigating more than the others. Additional information with respect to buildings' façades is provided by Gakovic (2000) and Ebbert (2010) . Gakovic (2000) Gakovic (2000) identifies the glazed curtain wall as a category that accounts for around 80% of the surveyed stock with a framed structure.
Although he clarifies that such a high percentage is due to a big number of large multistorey office buildings that he surveyed, still the number is much too far from the 7-8%
suggested by Steadman et al. (2000a) (Table A4 ). It cannot therefore be overlooked and curtain walling is one of the options considered in this study. Such an assumption is supported by the findings from Ebbert (2010), who identified three major types of façades in the UK each accounting for around 20%, one of which is curtain wall. Within Gakovic's glazing systems (Table A5) , those related to ground floor openings have been omitted, for they are insignificant to the present research -hence totals do not sum up to 100%. All the ratios in Table A6 show very strong correlation coefficients (Gakovic, 2000) . For this research it is assumed to have buildings at least three storey high, which is consistent with previous research on UK office benchmarks (Korolija et al., 2013) in order to have a reliable representation of the existing stock. Korolija et al. (2013) also suggested a floor to ceiling height equal to 3.5 m to be used as average value, which also conforms well to spot checks done for this research. Felt/asphalt flat roof is the most representative category in both built forms (50% for the cellular and 65% for the open plan) (Steadman et al., 2000a) . When analysing and simulating buildings with DSFs, the assumption of having a felt/asphalt flat roof is a reasonable scenario compared to DSF buildings observed in reality.
Appendix B -Step-by-step procedure to obtain 3D models of the benchmarks Table C1 (2003) who states that the depth of daylighting penetration is 2.5 times the window height. To use this approach, however, more reliable information is needed about windows' dimensions and layout but such data are harder to collect and more often subject to change from one building to another. This is why the floor to ceiling height has been used, where a relatively lower variance is expected. Corridor width has been assumed to be 2m as in Baker and Steemers (2000) and Korolija et al. (2013) . 
#5 Calculate openings
Since both the floor area and the wall area are known at this stage, glazed areas can be calculated by using either window to floor ratio or window to wall ratio.
Evidently slightly different figures are expected depending on which ratio is used. The window to wall ratios as they appear in Gakovic (2000) seem to be a more reliable choice as that study is specifically focused on glazing and openings in the non-domestic building stock.
#6
Draw the envelope Measured surveys of few UK offices indicated that the average windowsill height of 1m above floor level. Once the area of opening, its system, and its sill height are determined, openings can be drawn by centring them within the external wall of the room.
#7
Draw the roof The roof type, as indicated in Table 2 , completes the drawing.
